The evolutionary forces shaping life history trait divergence within species are largely unknown. 13 Killifish (oviparous Cyprinodontiformes) evolved an annual life cycle as an exceptional 14 adaptation to life in arid savannah environments characterized by seasonal water availability. The 15 turquoise killifish (Nothobranchius furzeri) is the shortest-lived vertebrate known to science and 16 displays differences in lifespan among wild populations, representing an ideal natural experiment 17 in the evolution and diversification of life history. Here, by combining genome sequencing and 18 population genetics, we investigate the evolutionary forces shaping lifespan among turquoise 19 killifish populations. We generate an improved reference assembly for the turquoise killifish 20 genome, trace the evolutionary origin of the sex chromosome, and identify genes under strong 21 positive and purifying selection, as well as those evolving neutrally. We find that the shortest-22 lived turquoise killifish populations, which dwell in fragmented and isolated habitats at the outer 23 margin of the geographical range of the species, are characterized by small effective population 24 size and accumulate throughout the genome several small to large-effect deleterious mutations 25 due to genetic drift. The genes most affected by drift in the shortest-lived turquoise killifish 26 populations are involved in the WNT signalling pathway, neurodegenerative disorders, cancer 27 and the mTOR pathway. As the populations under stronger genetic drift are the shortest-lived 28 ones, we propose that limited population size due to habitat fragmentation and repeated 29 population bottlenecks, by causing the genome-wide accumulation of deleterious mutations, 30 cumulatively contribute to the short adult lifespan in turquoise killifish populations. 31 3 Main 32
killifish populations display differences in lifespan, both in the wild and in captivity 12-14 , making 48 this species an ideal evolutionary model to study the genetic basis underlying life history trait 49 divergence within species. 50 a Eviota sigillata has been reported to be the shortest-known living vertebrate 5 , but no information is available regarding the duration of its larval stage and its complete post-hatching lifespan in laboratory conditions. 8 (TableS7). The outlier approach did not reveal clear signatures of positive or purifying selection 142 based on genetic differentiation in the four main clusters associated with lifespan in experimental 143 strains of turquoise killifish (Figure 2) . We then analysed genomic regions carrying signatures of 144 positive and purifying selection in the natural turquoise killifish populations irrespective of the 145 QTL regions (Figure 2) . The FST outlier approach led to the identification of several potential 146 regions under divergent selection between populations, in particular between the intermediate and 147 wet populations (Table S4 ) and only two between the dry and wet populations ( Table S5) XM_015941868, XM_015941869, lss and hibch. All genes under the major FST peak on 154 chromosome 10 showed significant difference in allele frequencies between the intermediate and 155 wet population (Fisher's exact test; adjusted p value < 0.001) and additionally, hibch had 156 significantly different allele frequencies between the dry and wet population (Fisher's exact test; 0.01). hibch, lss and slc8a1 are involved in amino acid metabolism 24 , biosynthesis of 166 cholesterol 25 , and proton-mediated accelerated aging 26 , respectively. Gene XM_015956265 167 (ZBTB14) is the only gene that is an FST outlier and that is differentially expressed in adult vs. 168 old individuals between at least two populations in all tissues (liver, brain and skin).
169
XM_015956265 encodes a transcriptional modulator with ubiquitous functions, ranging from 170 activation of dopamine transporter to repression of MYC, FMR1 and thymidine kinase 171 promoters 27 . However, although genomic regions that have sequence divergence between 172 turquoise killifish populations contain genes that are differentially expressed during ageing in 173 different tissues, whether any of these genes are causally involved in modulating ageing-related 174 changes between turquoise killifish wild populations still remains to be assessed. Based on the 175 outlier approach, we found two genomic regions with low genetic differentiation between all 176 pairs of populations, indicating strong purifying selection. The first region is located on the sex 177 chromosome and contains the putative sex determining gene gdf6 16 , which is hence conserved 178 among these populations. This same region also contains sybu, a maternal-effect gene associated 179 with the establishment of embryo polarity 28 . The second region under low genetic differentiation 180 is located on chromosome 9 and harbours the genes XM_015965812 (abi2-like), cnot11 and lcp1, 181 which are involved in phagocytosis 29 , mRNA degradation 30 and cell motility 31 , respectively.
182
Evolutionary origin of the sex chromosome 183 Since we found reduced genetic differentiation among populations in the chromosomal region 184 containing the putative sex-determining gene in the sex chromosome, we used synteny analysis 185 and the new genome assembly to investigate the genomic events that led to evolution of this 186 chromosomal region (Figure 3) . We found that the structure of the turquoise killifish sex Nothobranchius orthonotus (NOR) using the asymptotic McDonald-Kreitman " 33 . Using NOR as 207 an outgroup, we infer the fraction of positive selection by pooling all coding sites (Figure 4a) . 208 SNPs were called with the program SNAPE 34 , which specifically deals with pooled sequencing. 209 We only included SNPs with a derived frequency between 0.05-0.95 and performed stringent as a reference and adopted an approach that, by analysing sequence polymorphism among 236 populations, predicts functional consequences at the protein level 36 . We found that the proportion 237 of mutations causing a change in protein function is significantly larger in the GNP population 238 compared to populations NF414 and NF303 (Chi-square test: PGNP-NF303<1.87e-119, PGNP-NF414< 239 4.96e-57, PNF303-NF414< 3.51e-35, Figure 4e ). Additionally, the mutations with predicted 240 deleterious effects on protein function reached also higher frequencies in the dry population GNP 241 (Figure 4c) . To further investigate the impact of mutations on protein function, we calculated the 242 Consurf 37-40 score, which determines the evolutionary constraint on an amino acid, based on 243 sequence conservation. Mutations at amino acid positions with high Consurf score (i.e. otherwise 244 highly conserved) are considered to be more deleterious. We found that the dry population GNP 245 had a significantly higher mean Consurf score for mutations at non-synonymous sites in 246 frequency bins from 5%-20% up to 40%-60%, compared to populations NF414 (intermediate) 247 and NF303 (wet) ( Figure S2) . The mutations in the dry GNP population had significantly higher 248 Consurf scores than the other populations using both outgroup species N. orthonotus and N. 249 rachovii (Figure S2 ). Upon exclusion of potential mutations at neighbouring sites (CMD: codons 250 with multiple differences), CpG hypermutation and genes containing mutations with highly 251 detrimental effect on protein function based on SnpEFF analysis, the dry population GNP had 252 higher mean Consurf score at the low frequency bin (Figure S2 , Table S11-12). To note, we also 253 found a significantly higher average Consurf score at synonymous sites in GNP at low derived 254 frequencies ( Figure S2 , Supplementary Table S11 and S12), possibly suggestive of an overall 255 higher mutational rate in GNP. 257 13 Computing the gene-wise direction of selection (DoS) 41 index, which enables to score the 258 strength of selection based on the count of mutations in non-synonymous and synonymous sites, 259 we found support to the hypothesis that the dry, short-lived population GNP has significantly 260 more slightly deleterious mutations segregating in the population, compared to the populations The turquoise killifish (Nothobranchius furzeri) is the shortest-lived known vertebrate and while 283 its natural populations show similar timing for sexual maturation, exhibit differences in lifespan 284 along a cline of altitude and aridity in south-eastern Africa 6,12 . Here we generate an improved 285 genome assembly (NFZ v2.0) in turquoise killifish (Nothobranchius furzeri) and study the 286 evolutionary forces shaping genome evolution among natural populations.
256

Relaxation of selection in age-related disease pathways
287
Using the new turquoise killifish genome assembly and synteny analysis with medaka and 288 platyfish, we reconstructed the origin of the turquoise killifish sex chromosome, which appears to 289 have evolved through two independent chromosomal events, i.e. a fusion and a translocation 290 event.
291
Using the new genome assembly and pooled sequencing of natural turquoise killifish populations, 292 we found that genetic differentiation among populations of the short-lived turquoise killifish is 293 consistent with differences in demographic constraints. While we found that strong purifying 294 selection maintains low genetic diversity among populations at genomic regions underlying key 295 species-specific traits, such as in proximity to the sex-determining region, demography and 296 genetic drift largely shape genome evolution, leading to relaxation of selection and the 297 accumulation of deleterious mutations. We showed that isolated populations from an arid region, 298 dwelling at higher altitude and characterised by shorter lifespan, experienced extensive 299 population bottlenecking and a sharp decline in effective population size. We found that 
Materials and Methods
324
Merging and Improvement of the Turquoise killifish genome assembly 325 10x Genomics read clouds 326 A single GRZ male individual was sacrificed with MS222 (Sigma-Aldrich, Steinheim, Germany).
327
Blood was drawn from the heart and high molecular weight DNA was isolated with Qiagen The SuperNova assembly totaled 802.6Mb, with a contig N50 of 19.65kb, scaffolded into 6.78 337 thousand scaffolds with an N50 of 3.83Mb. Despite high continuity, however, the BUSCO 45 338 metrics are much lower than the Allpath-LG assemblies.
339 Nanopore long reads 340 DNA was extracted from a single GRZ male individual's muscle tissue by griding in liquid 341 nitrogen followed by phenol-chlorofom extraction (Sigma). The rapid sequencing kit (SQK-342 RAD004) and the ligation kit (SQK-LSK108) were sued to prepare 6 libraries and were 343 sequenced on 6 MinION flow cells (R9.4.1). These runs yielded a total of 3.3 Gb of sequences 344 after trimming and correction by HALC 46 . For correction, Allpath-LG contigs (see below) and 345 short reads from the 10X genomic run were used.
346
Allpath-LG assembly 347 Two independent short read datasets were previous collected for the GRZ strain of assigned to the RAD-tag linkage map 13 collected from a previous study with Allmaps 50 , using 361 equal weight for the two independent mapping crosses. This procedure assigned 90.6% of the 362 assembled bases in 1131 scaffolds to 19 linkage groups, in which 76.6% can be oriented.
363
Misassemblies were corrected with the 10X genomic read cloud. Read clouds were mapped to the 364 preliminary assembly with longranger v2.1.6 using default parameters, and a custom script was 365 used to scan for sudden drops in barcode shares along the assembled linkage groups. The 366 scaffolds were broken at the nearest gap of the drop in 10x barcodes. The same ARCS + LINKS 367 pipeline was again run on the broken scaffolds, increasing the scaffold N50 to 1.823 Mb. Next, 368 BESST_RNA (https://github.com/ksahlin/BESST_RNA) was used to further scaffold the 369 assembly with RNASeq libraries, Allmaps was again used to assign the fixed scaffolds back to 370 linkage groups, increasing the assignable bases to 92.2% (879Mb) with 80.3% (765Mb) with 371 determined orientation. The assembly was again broken with longranger and reassigned to LG 372 with Allmaps, and the scaffolds were further partitioned to linkage groups due to linkage of some 498 The filtered and realigned BAM files of each population were merged into a single pileup file 499 with SAMTOOLS mpileup, with a minimum mapping quality and a minimum base quality of 20.
Estimating population differentiation index FST
500
The pileup was synchronized using the mpileup2sync.jar script from the PoPoolation2 program give an estimate of the number of slightly deleterious mutations that segregate in the population. der Westhuizen and all the rangers of the Gonarezhou National Park for their support in the field. 755 We are thankful to Zimbabwe National Parks for allowing our team to conduct research in the a Figure 3 . Synteny and sex chromosome evolution in turquoise killifish. a) Synteny circos plots based on 1-to-1 orthologous gene location between the new turquoise killifish assembly (black chromosomes) and platyfish (Xiphophorus maculatus, coloured chromosomes, left circos plot) and between the new turquoise killifish assembly (black chromosomes) and medaka (Oryzias latipes, coloured chromosomes, right circos plot). Orthologous genes in concordant order are visualized as one syntenic block. Synteny regions are connected via colour-coded ribbons, based on their chromosomal location in platyfish or medaka. If the direction of the syntenic sequence is inverted compared to the compared species, the ribbon is twisted. Outer data plot shows -log(q-value) of survival quantitative trait loci (QTL, ordinate value between 0 and 3.5, every value above 3.5 is visualized at 3.5 13 ) and the inner data plot shows -log(q-value) of the sex QTL (ordinate value between 0 and 3.5, every value above 3.5 is visualized at 3.5). Boxes between the two circos plots show genes within the peak regions of the four highestlog(q-value) of survival QTL on independent chromosomes (red box) and the highest association to sex (black box) . b) High resolution synteny map between the sex-chromosome of the turquoise killifish (Chr3) with platyfish chromosome 16 and 3 in the upper plot, and between the turquoise killifish and medaka chromosome 8 and 16 (lower plot). The middle plot shows the QTLs for survival and sex along the turquoise killifish sex chromosome. c) Model of sex chromosome evolution in the turquoise killifish. A translocation event within one ancestral autosome led to the emergence of a chromosomal region harbouring a new sex-determining-gene (SDG). The fusion of a second autosome led to the formation of the current structure of the turquoise killifish sex chromosome. 
